A new chemiluminescence (CL) method has been proposed for the simple determination of aspirin (acetylsalicylic acid, ASA). The method is based on the enhancement effect of ASA in the CL reaction of tris(1,10 phenanthroline)ruthenium(II), Ru(phen) 3 2+ , with cerium(IV) (Ce IV ) in acidic medium. Under optimum conditions, the CL intensity was proportional to the concentration of the drug in solution over the range 0.72-72.00 µg mL −1 ASA. The limit of detection (S/N = 3) was 0.45 µg mL −1 . In the method proposed, limit of detection was at least 30 times lower than the therapeutic concentration of ASA. The percent of relative standard deviation for determination of 10 replicates at level of 28.8 µg mL −1 of ASA was 5.8% and the minimum sampling rate was 30 samples per hour. Effects of some ingredients were investigated and the proposed method was applied successfully for the determination of ASA in pharmaceutical formulations and plasma samples. A time resolve CL approach was used to reduce the effect of interferences from cysteine and ascorbic acid in plasma samples. The possible CL reaction mechanism was also discussed.
Introduction
Acetylsalicylic acid (ASA), commonly known as aspirin, is an analgesic, anti-inflammatory, and antipyretic drug and is one of the most widely used anionic drugs in the world. 1 It is a member of a family of chemicals called salicylates. ASA has become a cornerstone of the therapy of cardiovascular disease, reducing the rate of adverse clinical events in high-risk patients by 25%. 2 ASA irreversibly inhibits cyclooxygenase-1 activity in circulating platelets, and as a consequence, reduces the synthesis of thromboxane A2 (TXA2), a potent platelet activator. 3, 4 Its structure is shown in Figure 1 .
The monitoring of the ASA is important for quality assurance in pharmaceutical industry and for obtaining optimum therapeutic concentrations in body fluids to minimize the risk of toxicity. Therapeutic concentration for ASA is in the range of 20-200 µg mL −1 , it is toxic from 300 µg mL −1 and its fatal concentration is above 400-500 µg mL −1 . 5 Therefore, it is important to develop simple and sensitive methods for the determination of this drug.
Various methods for its determination have been employed by using different techniques including e l e c t r o c h e m i s t r y, [6] [7] [8] h i g h p e r f o r m a n c e l i q u i d chromatography (HPLC), [9] [10] [11] [12] spectrophotometry, [13] [14] [15] [16] capillary electrophoresis, 17 fluorescence spectrometry 18, 19 and mass spectrometry. 20, 21 Only one chemiluminescence (CL) method has been reported for the determination of ASA up to now. It was based on the CL system of lucigenin-H 2 O 2 and used for the analysis of ASA in capsules. 27, No. 3, 2016 CL is an attractive mean of detection because it presents low detection limits, a wide linear working range and uses relatively simple instrumentation. For these reasons, CL has received much attention in various fields, especially combination with separation methods, for analysis of drugs in biological samples. [23] [24] [25] [26] [27] [28] [29] CL relying on the effects related to the chemical reaction only, i.e., without the need of external energy supply, has been found to be more advantageous than other luminescence methods. 30 Ruthenium(II) complexes, such as tris(2,2-bipyridyl)-ruthenium(II), Ru(bpy) 3 2+ , and tris(1,10-phenanthroline)-ruthenium(II), Ru(phen) 3
2+
, are among the most frequently used reagents for the generation of CL. 31 Developing new CL methods for analysis of pharmaceuticals is important because of some problems that may limit the application of some CL systems. Firstly, a CL reagent is not always limited to just one unique analyte that leads to interference effects in methods without a separation stage. Type and extent of interferences is different in each CL system. Another problem is the dependence of the CL emission on several environmental factors such as temperature, solvent, ionic strength, pH, and other species present in the system which should be dealt with during HPLC or capillary electrophoretic separation procedures as well as during flow injection analysis (FIA). [32] [33] [34] Hence, one CL procedure may be appropriate but another may not be suitable for coupling with a separation method. For example, luminol and lucigenin reactions occurs often in alkaline medium, but Ru II complexes like Ru(phen) 3 2+ were often oxidized in acidic media.
Luminol, lucigenin, aryl oxalates, acridinium esters, dioxetanes and Ru(phen) 3 2+ are all synthetic compounds which find application in chemical analysis. The energy for the creation of the electronically excited state comes from the chemical reaction. For emission in the visible region, a reaction liberating at least 40-70 kcal mol −1 is required. Such energetic reactions are generally redox reactions. The liberation of this much energy comes from bond breakage or electron transfer. In systems involving bond breakage (as with luminol, lucigenin, peroxyoxalates, dioxetanes), the CL molecule can be used only once. Some electron transfer reactions such as Ru(phen) 3 2+ result in CL emission without bond breakage or rearrangement, so that those systems can be recycled as is common with some types of electrogenerated chemiluminescence. Therefore, Ru(phen) 3 2+ CL can be used as a sensitive transducer for chemical and biosensors. 35 In this study, a new method based on the CL of Ru(phen) 3 2+ is proposed for the determination of ASA. The weak CL light emission was generated during oxidation of Ru(phen) 3 2+ by cerium(IV) (Ce IV ) in sulfuric acid medium and the emission intensity was greatly enhanced in the presence of ASA. The proposed method was successfully used for the quantification of ASA in pharmaceuticals and human plasma samples.
Experimental

Materials
All the solutions were prepared using reagent grade chemicals and doubly distilled water. Methanol was HPLC-grade (Caledon, Canada). ASA standard solution (720.0 µg mL 
Preparation of tablets
Ten tablets of each drug were weighed and powdered. An accurately weighed portion of the powder, including active ingredients equivalent to one tablet dosage, was transferred into a 100.0 mL volumetric flask containing 20.0 mL H 2 O and 2.0 mL methanol. The mixture was sonicated for 10 min. Then the volume was adjusted to 100.0 mL with water and the suspension was filtered. An appropriate volume of the sample solution was further diluted with water so that the final ASA concentration was in the working range.
Procedure for plasma samples
Plasma samples were quickly transported to the laboratory freezers until the day of experiment. One necessary step in plasma preparation is protein removal, which can be done by different strategies including the use of acids (e.g., trichloroacetic acid (TCA), perchloric acid (PCA), 5-sulfosalicylic acid (5-SSA) and metaphosphoric acid (MPA)) and organic solvents (methanol, acetonitrile, etc.). 36 Methanol was served as the protein precipitant in Determination of Aspirin Using Chemiluminescence System J. Braz. Chem. Soc. 568 our study. Only a deproteination process was carried out and extraction procedure was not necessary. 37 Before adding appropriate volumes of methanol to plasma samples, it was given enough time for the frozen plasma to gradually melt at the room temperature (25 °C). Each time, 0.5 mL of plasma sample and appropriate volume of standard solution of ASA were transferred into a centrifuge tube including 2 mL methanol and the mixture centrifuged at 5000 rpm for 15 min. The protein-free supernatant was transferred into a small conical flask and evaporated to dryness under a stream of nitrogen at room temperature. The dry residue was transferred into a 25.0 mL flask using double distilled water and the mixture was diluted to the mark.
Apparatus
CL analysis was applied using a 0.50 cm light path length quartz cell. The CL signal was measured with a CL analyzer with photomultiplier tube (PMT, Hamamatsu, model R212, Japan) using a low pass filter which its output was connected to a data processing system with a Pentium IV computer. A schematic block diagram of the used instruments is shown in Figure 2 . were transferred into the 0.50 cm path light length quartz cell. Then, the cell was placed at its location in front of the photomultiplier tube (PMT) and the program was started. After a few seconds, 0.20 mL of acidic Ce IV was injected into the cell by a microsyringe and the peak-like CL emission was recorded by a computer (with interval times of 100 ms). Those data information were collected into Excel software.
Software
All computations were performed using Matlab (The Math-Works Inc., Natick, MA, USA).
Results and Discussion
Proposed CL mechanism Solution of Ru(phen) 3 2+ is orange and its color changes to green immediate after mixing with oxidizing agent, Ce IV solution, and production of Ru(phen) 3
3+
. 38, 39 During about 3 min after mixing of Ru(phen) 3 2+ with Ce IV , the color of the mixture changes slowly from green to orange. In Figure 3 , UV-Vis spectra are shown for acidic Ce IV ( Figure 3a ) and the mixture of Ru(phen) 3
2+
-Ce IV with one minute interval times (Figures 3c to 3f ).
As can be seen in Figure 3 , absorbance in the range 400-500 nm, which is related to Ru(phen) 3 2+ complex, decreases immediately after mixing the Ru(phen) 3 2+ solution with Ce IV solution ( Figure 3c ) and it increases slowly to its equilibrium value after about 3 min (Figures 3d to 3f) . The reason is that, the resulting Ru(phen) 3 3+ produced in the reaction of Ru(phen) 3 2+ with acidic Ce IV , is a powerful oxidant and oxidizes water into O 2 and protons. 40 Therefore, it returns slowly to its reduced state. If there was a reducing agent in the reaction media, it can reduce Ru(phen) 3 3+ very fast. The electrons from reducing agent transfer to the π*-orbital of phenanthroline ligand and the Ru(phen) 3 2+ π* metal-to-ligand charge transfer (MLCT) excited state can be produced. 41 The excited electron then undergoes intersystem crossing to the lowest triplet state of Ru(phen) 3
, from where emission occurs. 42 In order to confirm the mechanism proposed above, some CL pathways might be investigated for the Ru(phen) 3
-Ce IV -ASA CL system, involving the formation of Ce III *, 43 oxidation products in excited state and [Ru(phen) 3 2+ ]*. 44 No detectable CL intensity obtained for the mixture of Ce IV -ASA. This suggests that oxidation products and Ce III * are not main emitters. The CL spectrum was scanned with a spectrofluorimeter (Spectrolab, model Spectro-96) using batch mode, a fast scan (15000 nm min −1 ) and with turned off excitation lamp. The CL spectra were acquired as shown in Figure 4 at 595 nm (inset in Figure 4 ). This indicated that the CL spectra were independent of ASA and the emitter is [Ru(phen) 3 ]
. In acidic medium, ASA gets hydrolysed to salicylic acid (SA). 45, 46 Oxidation of SA in acid solutions gives rise to phenoxyl radicals, 47, 48 which can transfer an electron to an oxidizer, 49 such as Ru(phen) 3
3+
. In this manner, the main reaction product is 1,4-benzoquinone. 45, 48, 49 According to the above discussion, the following mechanism is proposed for the CL reaction of ASA (Scheme 1).
Kinetic curve of the CL reaction
The method is based on rapid reduction of Ru (phen) Figure 5 .
Maximum CL response of ASA appeared about 5 s after injection of Ce IV solution. For obtaining the analytical signal, response from the blank at second 5 after injection of Ce IV solution, was subtracted from CL peak height of each sample. 
Ce
IV is an oxidant in this CL system, whose concentration affects the CL intensity. The oxidation potential of Ce IV is related to the acidity of solution. 50 Because of the interdependence between Ce IV and H 2 SO 4 concentrations that influence the CL signal, we used a 3-level full factorial design and response surface methodology (RSM) for simultaneous optimization of Ce IV and H 2 SO 4 concentrations. Before undertaking any optimization study, it is important to delineate clearly the boundaries of conditions controlling the analysis. Therefore, initial preliminary experiments using the classical single factor at a time method served to detect the respective working ranges of these two variables. So the influence of concentration of Ce IV on the CL sensitivity was investigated in the range 5. After detecting respective working ranges of the variables, a 3-level full factorial design was designed for the experiments. The coded levels of the variables together with their real experimental values are given in Table 1 and experiments are listed in Table 2 .
In order to describe the way in which the variables are related and the way in which they influence the CL intensity, RSM was used to assemble the model. Therefore, the CL intensities obtained from the experimental design were fit to the following parametric equation (full second order polynomial): Table 3 gives the estimates of 6 parameters, contained in equation 1, obtained by the matrix least squares.
Analysis of the residuals from the regression model and the lack of fit test revealed that the second order polynomial model, tentatively assumed, would be an adequate description of the surface over the region studied.
The operational optimum was determined using a grid method on equation 1, while gradually varying factor levels from −1 to +1. The levels corresponding to the maximum response were selected as optimum levels. The optimum levels and their respective actual values are shown in Table 4 .
Analytical features
Under optimum conditions, standard solutions of ASA were subjected to the optimized CL system for obtaining the working range. CL response was found to be linear in the concentration ranges of 0.72-72.00 µg mL in linear range was: I CL = −0.20 + 0.49 C ASA (R 2 = 0.9981) where C ASA is concentration of ASA (µg mL −1 ). The limit of detection (LOD) was calculated as 3σ/m where σ is the standard deviation existing in 10 times determination of the blank response at second 5, and m is slope of the correlation equation between CL intensity and concentration of ASA. The LOD obtained was 0.45 µg mL −1 . The reproducibility was investigated using 28.8 µg mL −1 of ASA (n = 10) and the percent of relative standard deviation (%RSD) was 5.8%. The minimum sampling rate could be about 30 samples per hour.
Influence of interfering substances
In order to validate the possible analytical application of the method, interference effect of some ions, excipients in pharmaceutical preparations and amino acids were studied by recovering 14.4 µg mL −1 of ASA in the presence of each substance. The tolerance of each substance was taken as the largest amount yielding an error of less than 5% in the analytical signal of 14.4 µg mL −1 ASA (n = 10). The results are shown in Table 5 .
Application
In order to evaluate the applicability of the proposed method, ASA tablets were analyzed to determine their ASA contents. The recovery of ASA from human plasma was also investigated.
We used a time resolved CL approach for reducing the effect of some interfering substances such as ascorbic acid and cysteine in plasma samples. It was found that a blank plasma sample (without spiking ASA), prepared as mentioned in the Experimental section, has a sharp peak which its maximum appears at 0.9 s after injection of Ce IV solution and CL response decreases rapidly to baseline after about 10 s. In the CL system proposed in this study, ASA had a broad time profile with detectable response at 10 s after injection of Ce IV solution. Therefore, for reducing the effect of some interfering substances such as ascorbic acid and cysteine in plasma samples, CL intensity at 10 s after injection of Ce IV solution was chosen as the analytical signal in application studies (instead of CL intensity at 5 s after injection of Ce IV solution when maximum response of ASA appears). As can be seen in Figure 6 , CL kinetic profiles of plasma, ascorbic acid and cysteine have not detectable responses at second 10 after injection of Ce IV solution.
The results are shown in Table 6 . The obtained results from analyzing of tablets were also certified using the reference method described in the British Pharmacopoeia (BP). 51 Statistical analysis of the results using Student's t-test and the variance ratio F-test showed no significant difference between the performance of two methods as regards to accuracy and precision. The results are presented in Table 7 .
Response characteristics
In Table 8 some response characteristics of the proposed method are compared with recently reported methods.
As is quite obvious from Table 8 , CL system of lucigenin-H 2 O 2 and mass spectrometry are more sensitive than the proposed method. All other methods have a narrower linear dynamic range or higher LODs than the proposed method. Although, analytical techniques coupled with a separation method, besides chemical information for ASA, provide multi analyte information about related species, compounds and metabolites presented in the sample; however, each of these methods often offers its own set of advantages and disadvantages. There are some disadvantages, such as several time-consuming manipulations, special training, or requirement of comparatively expensive equipment and they are not readily amenable to be cost-effective or to miniaturize instrumentation. As mentioned in the Introduction section, each CL system has its own set of advantages and disadvantages. For example, in the lucigenin-H 2 O 2 CL system, 22 the authors in the interference study recovered ASA (25 µg mL −1 ) in presence of each substance. They found that methanol and starch had interference at concentrations higher than 10-fold and ions like Na + and K + have interference effect at concentration higher than 50-fold of ASA. In their method effect of amino acids was not investigated. The proposed method in our study is not as sensitive as lucigenin-H 2 O 2 system, however, its sensitivity is high enough for the determination of ASA in biological fluids (LOD was at least 30 times lower than the therapeutic concentration of ASA). Ions like Na + , K + and substances like starch that had some interferences in the lucigenin-H 2 O 2 CL system, haven't interference in this proposed method at concentration lower than 500-fold of ASA. Moreover, interference effect of more substances including some amino acids was investigated.
The proposed method was also used for the determination of ASA in plasma samples using time resolved technique at 10 s after injection of Ce IV solution for reducing the potential interference of some substances such as ascorbic acid and cysteine.
Conclusions
A new method based on the CL of Ru(phen) 3 2+ and acidic Ce IV was developed for the quantification of ASA. The method is simple and adequately sensitive for the determination of ASA in pharmaceuticals and human plasma. Some common sugars and ions had not significant interference effect in the quantification of ASA indicating high accuracy and suitability for determining of ASA in human fluids and quality assurance in drug formulations.
